Abstract: Rivers and streams around the world are being affected by declining water quality. When designing remediation strategies, we must first understand the key factors affecting spatial and temporal variability in stream water quality. As such, the objective of this investigation was to investigate the relationships between in-stream constituent concentrations and streamflow and to understand how these relationships vary across space. We intend to use these findings to add a temporal component into existing statistical models of spatial variability in water quality.
. 107 water quality monitoring sites used for analysis. The top-right insert shows the location of the state if Victoria in Australia.
INTRODUCTION
Globally, rivers and streams are experiencing a decrease in water quality, with increasing concentrations of sediment, nutrient and salt concentrations (Schwarzenbach et al., 2010) . Management strategies to decrease the pollution levels in these freshwater aquatic systems are required, as poor water quality not only undermines environmental values, but can also lead to water security problems for humans (Jiang, 2009; Vorosmarty et al., 2010) . To implement successful management strategies, we need a clear understanding of the key factors affecting both spatial and temporal variability in stream water quality.
We previously developed statistical models of spatial variability in water quality (Lintern et al., in preparation) , whereby catchment characteristics were used to predict time-averaged in-stream sediment, nutrient and salt concentrations. The performance of these models could potentially be improved by accounting for temporal variations in water quality, and the extent of spatial differences in seasonal water quality trends.
Sediment, nutrient and salt concentrations in rivers vary over time. This can be a result of various climatic, hydrologic and dynamic land cover, use and management factors. However, streamflow is generally used as the key temporal predictor for water quality (Vaze et al., 2004 ). In addition, previous studies have identified that the relationship between discharge and nutrients (total phosphorus; TP and total nitrogen; TN) can vary spatially (e.g., Donohue et al., 2005) . In a study of 14 riverine sites in Ireland, Donohue et al. (2005) found a positive relationship between the molybdate reactive phosphorus-flow relationship and soil P levels. Spatial differences in the discharge-nutrient relationship are also likely a result of the effect of soil moisture, as soil moisture can affect the nature of the relationship between constituent concentrations and flow (Whitehead et al., 1998) . There is still limited insight however, as to how discharge-constituent relationships vary across space, not just for nutrients, but also for suspended solids and electrical conductivity.
As such, the aim of this investigation was to:
• identify the interaction between water quality constituent concentrations and streamflow; and • determine the catchment factors affecting spatial variability in these interactions. This study focused on six common constituents that are known to have negative effects on stream water quality at elevated concentrations (Lintern et al., in press ): total suspended solids, (TSS), total phosphorus (TP), filterable reactive phosphorus (FRP), total Kjedahl nitrogen (TKN), nitrate-nitrite (NOx), electrical conductivity (EC). Understanding the factors affecting spatial variability in the relationships between streamflow and constituent concentrations can help us model and further build our understanding of spatiotemporal water quality variability that can be expected in the future under different land management and climate change scenarios.
METHODOLOGY
Monthly measurements of TSS, TP, FRP, TKN, NO X and EC at 107 stream water quality sites in Victoria (1994 Victoria ( -2014 For the catchments corresponding to each water quality site, land use, land cover, topographic, climatic, geological, lithological and hydrological catchment characteristics were obtained from Geoscience Australia (2011 Australia ( , 2004 , the Bureau of Meteorology (2012), the Bureau of Rural Sciences (2010), the Victorian Department for Environment, Land, Water and Planning (2014; , and the Terrestrial Ecosystem Research Network (2016). Fifty different catchment characteristics were obtained from these datasets.
We explored the relationship between streamflow and water quality constituent concentrations using the method outlined in Musolff et al. (2015) . We performed a linear regression using log-transformed data between discharge and constituent concentrations at each of the 107 sites (Equation 1). In Equation 1, C represents the constituent concentrations and Q represents the discharge corresponding to the water quality measurement, a is the intercept term, and b is the slope term describing the strength of the relationship between C and Q. As such, b can give an indication of the strength of the linearity between constituent concentrations and streamflow. In the rest of the study, this is referred to as the 'C-Q slope'.
ln = + ln 1
For each site, we then calculated the ratio between the coefficient of variation of the constituent concentrations (CVC) and the coefficient of variation of discharge (CV Q ) using the untransformed data. Large values of CV C /CV Q represent chemodynamic behaviour (i.e., large variability in constituent concentrations compared to discharge) and low values represent chemostatic behaviour. To better understand the spatial variability in the interaction between streamflow and water quality constituents, we identified the Spearman Rank Correlation Coefficients (α=0.05) between the CV C /CV Q and the C-Q slope to catchment characteristics for each site. We report both the Spearman Rank Correlation Coefficients (ρ) and the p-values (p).
RESULTS AND DISCUSSION

How do constituent concentrations respond to streamflow?
TSS and TP have highly chemodynamic behavior.
Both TSS and TP exhibit high variability in concentration relative to discharge, with the 97.5th percentile of CV C /CV Q across the 107 sites being greater than 4 for both TSS and TP (Table 1 ). In fact, CV C /CV Q is as large as 7 for TSS and 6.1 for TP, which indicates that the variability in TSS and TP concentrations greatly exceeds the variability in flow at some water quality monitoring sites. This suggests that temporal variability in TSS and TP cannot be solely explained by streamflow. Instead, it is affected also by temporal factors such as rainfall, antecedent dry weather period or temperature (Lecce et al., 2006; Robson, 2014) , or local factors such as sediment phosphorus release and sediment erosion. The high CV C /CV Q values for TSS and TP at some Victorian sites might also be a result of changes in water quality following bushfires. In particular, the high CV C /CV Q values at the Macallister River (Site 225209, CV C /CV Q = 7), Wonnangatta River (224206, CV C /CV Q = 7), Ovens River (403210, CV C /CV Q = 5.3), Dargo River (224213, CV C /CV Q = 4.7), Mitchell River (224203, CV C /CV Q = 4), Nariel Creek (401212, CV C /CV Q = 3.8), Tambo River (223202, CV C /CV Q = 3.8), and Snowy River (222209, CV C /CV Q = 3.3), appear to be affected by high TSS and TP concentrations measured at the site within 6 months after a bushfire event. The occurrence of fire in the catchment can result in increased suspended sediment stores in the catchment (due to ash deposition) as well as increased erosion (due to the reduction in vegetation cover). As such, TSS concentrations generally increase in the first stormflow after fires (Smith et al., 2011) . TP may also be experiencing elevated concentrations after fires due to its association with particulate matter. Higher TP concentrations were recorded in the first year after fire in four reservoirs in Victoria (Smith et al., 2011) . The C-Q slope is generally positive for both TSS and TP, indicating an increase in TSS and TP concentrations with streamflow at most sites (Figure 2) . However, these linear relationships are generally weak. The median value of the C-Q slope across the 107 sites is 0.19 for TSS and 0.10 for TP (Table 1) . Musolff et al. (2015) also found weakly positive C-Q slopes for TSS in German stream catchments. The similarity between TSS and TP in their response to discharge both in terms of the C-Q slope, and CVC/CVQ is likely due to the particulate nature of TP. Due to the fact that phosphorus is generally found in the particulate form, previous studies have noticed that TSS and TP concentrations in streams are driven by similar sources, and mobilization and delivery processes (Ekholm et al., 2000; Schoumans et al., 2014) . (Table 1) . This suggests that variations in FRP, TKN and NO x concentrations relative to streamflow are less than that of TSS and TP. This could be suggesting that FRP, TKN and NO x fluctuations in streams are less affected by bushfires. However, further investigations into nutrient fluxes from catchments after bushfires would be required to confirm this.
There is a low C-Q slope for FRP and TKN for most catchments (Figure 2) . The median C-Q slopes for FRP and TKN across the 107 catchments are 0.03 and 0.06, respectively (Table 1 ). The weak linear relationship between discharge and either FRP or TKN may be due to the fact that FRP and TKN are reactive compounds, and as such, their mobilisation from the catchment can be significantly affected by several land use, climatic and hydrological factors. Additional temporal factors such as temperature and soil moisture, which affect the transformation of FRP and TKN can influence the delivery and mobilization of these compounds from the catchment to receiving rivers (Butler et al., 2012; Hanrahan et al., 2003) .
At most sites, NOx has a positive C-Q slope, which indicates that NO x is generally positively correlated to streamflow (Figure 2 and Table 1 ). This suggests that temporal variability of NO x in rivers and streams is largely governed by discharge, and that other climatic and hydrological factors (e.g., temperature and soil moisture) are not as important. This is surprising, given the transformations that NO x can undergo (Creed and Beall, 2009 ). However, Musolff et al. (2015) also had similar results, whereby NO x C-Q slopes were found to be strongly positive. They suggested that in developed catchments with drains (e.g., catchments with high agricultural land use), discharge is the key determinant of transport and mobilization of NO x . Similarly, this positive slope could be due to the mobilization and delivery of NO x in interflow or surface runoff.
EC has chemostatic behavior.
The CV C /CV Q value of EC is lower than that of TSS and nutrients (TP, FRP, TKN and NO x ) (Table 1 and Figure 2 ). Salts can exhibit chemostatic behavior because of the large amounts stored within the catchment, which allow temporally consistent transport to receiving waters (Musolff et al., 2015) . The negative C-Q slopes for EC (Figure 2) , also suggest that in most catchments, there is a constant salt supply into streams delivered by baseflow, which can be diluted by sudden increases in discharge (Vaze et al., 2004) .
What drives the spatial variability in the interactions between flow and constituent concentrations?
Catchment characteristics correlate strongly to CV C /CV Q .
For TSS, TP and TKN, there are strong positive correlations between CV C /CV Q and mean catchment slope and mean annual rainfall (Table 2) . For EC, the strongest correlations are also between CV C /CV Q and mean catchment slope, and mean annual rainfall. This suggests that in catchments with steeper slopes and catchments that are wetter, there is a greater variability in TSS, TP and TKN relative to discharge. There are several possible explanations for this. Firstly, steep slopes and greater rainfall depths could lead to more variability in the mobilization of particulate constituents depending on the shear stress applied by rainfall and runoff. Secondly, there is a positive cross-correlation between catchment slope, mean annual rainfall and the proportion of the catchment that has been cleared for pasture (ρ<-0.67, p<0.05) . In less disturbed catchments, these constituents have smaller stores and can vary more than flow because of the influence of temporal factors such as rainfall, antecedent dry weather or fire (Musolff et al., 2015) . In contrast, it is possible that in agricultural areas, more disturbed areas or areas with lower catchment slopes, sediment supply is relatively consistent, which would decrease the variability in TSS. This hypothesis also seems to support the positive correlation between CVC/CVQ for EC and average annual rainfall and catchment slope, and the positive correlation between the CV C /CV Q for NO x and the proportion of the catchment covered in woodland (Table  2 ). In general, it appears that in steep and wet (typically undeveloped) catchments, large temporal variability in particulate constituent concentrations are due to limitations in supply of particulates. However, in flat and dry catchments (typically under greater human influences), temporal variability appears to be controlled by transport processes, which may lead to lower temporal variability in particulate concentrations. 
Catchment characteristics correlate weakly to C-Q slope.
There were weak correlations between the C-Q slope and catchment characteristics for most constituents. This could be due to the fact that at least half of the sites included in the analysis have dams within their catchments. With the presence of dams, constituent transport by streamflow is altered and would therefore be less predictable using catchment characteristics. It should be noted though that EC has a strong correlation between the C-Q slope and the proportion of the catchment area forested (ρ=0.5, p<0.05). The fact that only EC has a strong correlation between catchment characteristics and the C-Q slope, regardless of the presence of dams, could be an indication that the salt loads are generally entering streams downstream of the dams.
However, when the sites with dams are removed from the analysis, the strength of the correlations between catchment characteristics and the C-Q slopes increases. For TSS, there is an increase in the correlation between the annual average rainfall, mean 7-day low flow and the TSS C-Q slope (Table 3) . When catchments are wetter and have consistent streamflow temporally, extended dry weather periods where sediments can build up in the catchment are less likely (Bertrand-Krajewski et al., 1998) .
When catchments with dams were excluded, the slope of the linear regression of nutrients (TP, FRP, TKN, NOx) concentrations and discharge were weakly (ρ<|0.5|) correlated to catchment characteristics. This suggests that the relationships between discharge and nutrients are not controlled by the catchment characteristics studied. It is possible that they are controlled by catchment characteristics not considered here (e.g., microbial activity in the rhizosphere in the catchment). It is also possible that the relationship between discharge and nutrients cannot be explained by spatial variables due to the large temporal variation that occurs as a result of factors other than flow (Musolff et al., 2015) . 
CONCLUSIONS AND FUTURE WORK
The aim of this investigation was to identify the relationships between streamflow and constituent concentrations (TSS, TP, FRP, TKN, NO x , EC) in 107 catchments across the state of Victoria and to determine the key catchment characteristics affecting spatial variability in these relationships. We used two metrics to describe the interaction between streamflow and constituent concentrations: CV C /CV Q and the C-Q slope. Using these metrics, we found that the constituents' responses to flow vary depending on whether they are reactive, particulate, dissolved or conservative. For example, whilst TSS, TP, TKN, FRP and NO x , which are reactive and/or particulate bound constituents exhibited chemodynamic behavior (high C-Q slopes and/or high CV C /CV Q ratios), EC, which is more conservative and exists in solute forms showed the opposite.
The magnitude of the ratio between variability in concentration and flow (CV C /CV Q ) correlated with catchment characteristics. In particular, high CV C /CV Q for TSS, TP, TKN, NO x and EC occurred in 'more natural' catchments. On the other hand, there were generally weaker relationships between the C-Q slope and catchment characteristics. When the catchments with dams were removed from the analysis, we identified that there are stronger linear relationships between Q and TSS constituents in catchments where the delivery of the constituent is consistent (temporally) and the catchment is generally wetter.
We intend to use the results of the data analysis presented here to develop statistically-based predictive models of spatio-temporal variability in stream water quality. It appears that spatial differences in the linear relationship between TSS, EC and streamflow can be linked to catchment characteristics. Similarly, the catchment characteristics can help explain spatial differences in the interactions between TP, TKN and streamflow, when these streamflow-water quality interactions are characterized by CVC/CVQ. However, modelling spatial differences in the temporal variability in FRP and NO x concentrations requires further investigation. It is possible that considering the effect of additional temporal climatic and hydrologic factors (e.g., rainfall, soil moisture) on in-stream FRP and NO x concentrations may enable us to link temporal variability in FRP and NO x to catchment characteristics.
